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Rowland, Shawn D,, M.S., May 1998 Microbiology
Growth o f Bifidobacteria spp. and Intestinal Pathogens on Di-fructose Dianhydrides 
Director: Jim Gannon
Carbohydrates such ^fhictooligosaccharides have been found to be bifidogenic, 
meaning they increase the intestinal populations of Bifidobacteria spp. By increasing 
beneficial intestinal anaerobes, bifidogenic compounds are capable of controlling 
intestinal pathogenesis. Bifidogenic control is thought to occur by production of organic 
acids that lower the pH of the intestinal tract, producing a hostile environment for 
pathogenic bacteria such as Escherichia coli and Salmonella. Bifidogenic compounds are 
also known to produce other host benefits such as decreased cholesterol levels and 
decreased blood pressure.
With the increasing concern of antibiotic resistant bacteria, the use of novel 
carbohydrates as bifidogenic agents becomes more important. It is known that chickens 
fed a mixture of Di-fiructose Dianhydrides (DFDAs), which are proposed bifidogenic 
compounds, exhibit an increased growth rate compared to chickens not fed DFDAs. In 
fact, the chickens fed the DFDAs grew faster than chickens fed antibiotics. However, the 
ability o f Bifidobacteria spp. to metabolize the DFDAs was not investigated in these 
studies.
In this study Bifidobacteria spp. were grown in broth containing purified DFDAs as the 
sole carbon source. After growth, the cells were filtered off and the broth was analyzed 
by gas chromatography for specific DFDA metabolism. In order for the DFDAs to 
exhibit benefits to the host, disease causing bacteria must not be able to metabolize the 
carbohydrates. Growth experiments of Escherichia coli. Salmonella typhimurium, and 
Clostridium perfringens were studied also.
Gas chromatography and growth curve analysis indicate that Bifidobacteria spp. are 
unable to metabolize DFDAs. The growth experiments with Escherichia coli.
Salmonella typhimurium, and Clostridium perfringens also indicate that these specific 
disease causing bacteria are incapable of metabolizing the DFDAs. In both the 
Bifidobacteria spp. studies and the pathogen studies, pure cultures were utilized. 
Unfortunately, pure culture work may not reflect gut flora interactions such as 
cometabolism where the ability to break down a compound is dependent upon multiple 
bacterial populations.
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Chapter 1-Introduction
A healthy intestinal microflora contains many beneficial bacteria such as 
Bifidobacteria and Lactobacilli as well as potential pathogenic bacteria such as 
Escherichia coli, Clostridium perfringens, and Salmonella (Mitsuoka 1978). Although it 
may seem necessary to rid the intestine o f all pathogenic bacteria, the point may be made 
that all bacteria play important metabolic roles in the intestine as long as they are not 
allowed to proliferate, creating an abnormal balance (Mitsuoka 1978). It is the role of 
bacteria such as Bifidobacteria which make up 95% of the total flora in newborns and up 
to 25% in adults (Gibson and Roberfroid 1995) to help maintain this balance and to 
protect against intestinal infection. The ability of Bifidobacteria to control intestinal 
pathogenesis (termed colonization resistance) (Hentges 1992) is not well understood. 
Three mechanisms have been suggested: 1) competitive exclusion where the putrefactive 
bacteria are unable to find either space to colonize or sufficient nutrients to colonize 
(Hentges 1992), 2) production of antagonistic substances (Meet. Joint FAO/WHO Expert 
Comm. Food Additives 1985) and 3) lowering of pH via production o f volatile fatty 
acids, which are end products of metabolism (Byrne and Dankert 1979). All three of the 
above mechanisms may work independently or simultaneously.
Not only do Bifidobacteria aid in resistance against pathogens but they are also 
believed to directly improve health. The volatile fatty acids produced as end products of 
metabolism reduce absorption of ammonia and amines which when absorbed lead to 
increases in blood pressure and cholesterol and potential cancer causing nitrosamines 
(Hidaka et al. 1986). Bifidobacteria also provide Vitamin B1 and B6 to their hosts
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(Hidaka et al. 1986). Due to these health-promoting properties, there is an interest in 
manipulating the composition of the gut flora to enhance the populations of 
Bifidobacteria. This manipulation may take the form of administration of either a 
probiotic or a prebiotic. A probiotic is defmed as “a live microbial feed supplement 
which beneficially affects the host animal by improving its intestinal microbial 
balance”(Fuller 1989). Probiotics may vary from the feeding to newly hatched chicks of 
a fecal suspension from adult birds (Nurmi and Ranti 1973) to the feeding of selected 
single species (Apgar ef a/. 1993). The microbial organism must be capable of 
transiting the acidic barrier of the stomach before it can begin to compete with the 
endogenous microflora in order to colonize the large intestine. If the probiotic organism 
is not a strain normally endogenous to the host then permanent colonization will not 
occtu (Mitsuoka 1978) and it seems likely that the fate of most probiotics, weakened by 
their passage through the intestine, is to effect only a temporary increase in populations 
(Marteau et al. 1993).
A prebiotic is a nondigestible food ingredient that beneficially affects the host by 
selectively stimulating the growth and / or activity of one or a limited number of bacteria 
in the colon, and thus improves host health (Gibson and Roberfroid 1995). A variety of 
carbohydrates have been shown to have prebiotic activity and all have a common 
property o f resistance to digestion in the small intestine so that they can pass through to 
the large intestine and act as a carbon source for the bacteria (Gibson and Roberfroid
1995). The principal substrates for bacterial growth in the colon are dietary carbohydrates 
that have escaped digestion in the upper gastrointestinal tract (Cummings et al. 1989). 
Between 10 and 60 g/d of normal dietary carbohydrate reaches the colon. The majority of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
simple sugars and oligosaccharides ingested by humans are absorbed in the small 
intestine (Bond et ai. 1980). However, some such as lactose, rafïïnose, stachyose, 
fructooligosaccharides are able to reach the colon intact (Hudson et al. 1995). An 
additional requirement of selectivity exists; the prebiotic must be utilized as a carbon 
source only by the beneficial species, e.g. Bifidobacteria spp., and not by potential 
pathogens (Yazawa et al. 1982). The use of prebiotics is advantageous in that it 
stimulates the endogenous species already established in the colon, see Figure 1.
Amongst the potential prebiotic carbohydrates, the fructooligosaccharides (FOS) 
have received the most attention (Hidaka et al. 1986), see Figure 2. In Japan the FOS 
preparation (‘Meiligo’) is widely used as a food or feed ingredient to reduce diarrhea and 
increase feed efficiency in weanling piglets, and as a pet food ingredient to reduce fecal 
odor (Yamazaki et al. 1994). FOS is also used extensively in Japan as an additive in 
human infant formula. Fructooligosaccharides are composed o f 1,2-linked 
fructofuranosyl residues and may or may not terminate with a glucopyranosyl residue. 
They are obtained from inulin (a mostly linear polymer of fructose with glucose as the 
terminal sugar (Gibson et al, 1995)) or sucrose by acid catalyzed pyrolysis (Manley- 
Harris and Richards, 1996) or from sucrose by the action o f an enzyme (fiuctosyl 
transferase) (Hbrayama and Hidaka 1993). Yamazaki and Matsumoto (1994) also showed 
that a preparation of purified fructans from Jerusalem artichoke is an equally effective 
bifidogenic agent as enzymically synthesized FOS (Meioligo P). As mentioned earlier, 
fructooligosaccharides have been shown to inhibit colonization of pathogenic bacteria 
such as Salmonella in chicks (Bailey et al. 1991) and to improve intestinal health and 
Bifidobacteria counts in piglets (Howard et al. 1995). Moreover, when Bifidobacteria
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
are grown on such substrates, they seemingly do so at the expense of Bacteroides, 
Clostridia, or coliforms, which are maintained at low levels or may even be reduced 
(Blize et al. 1994).
A sucrose derived caramel and an inulin derived caramel have been proposed to 
contain bifidus factors which meet the criteria for a prebiotic (Figure 3) (Richards 1995). 
The caramel is formed by the thermal treatment of sucrose with citric acid; the 
composition o f which can be controlled by the conditions o f the treatment. The inulin 
derived caramel contains the same proposed bifidus factors but the dimers are 
substantially restricted to the di-D-fhictose dianhydrides (Figure 4) whereas the dimer 
fraction of sucrose caramel contains significant amounts of singly-linked reducing 
disaccharides in addition to the dianhydrides (Figure 3) (Manley-Harris and Richards
1996).
These singly-linked disaccharides hinder GC analysis of the di-D-fructose dianhydrides 
resulting in poor integration of their peaks. Fourteen dianhydrides, most of which 
comprise two fructose moieties, have been identified by mass spectroscopy of the per-O- 
trimethylsilyl ethers (Figure 4) (Manley-Harris and Richards 1996).
During thermal treatment the fructofuranosyl cation (Figure 5.) is formed and this 
can react with hydroxyl groups on other species present in the reaction mixture to give 
oligosaccharides (Manley-Harris and Richards 1991). Two fructosyl residues may 
undergo a double condensation to yield a di-D-fructose dianhydride (DFDA) such as seen 
in Figure 6 (Manley-Harris and Richards 1994). Under more rigorous conditions 
glucopyranosyl cation. Figure 7, may also form and can add to other species present. 
Higher oligosaccharides may form by successive addition of singly-linked residues or by
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a similar addition beginning with a dianhydride. As mentioned earlier, similar products 
are observed from thermal treatments of inulin (Blize et al. 1994).
Size exclusion chromatography (SEC) of the sucrose caramel revealed that 
approximately 50% of the caramel was monomeric glucose with a trace of fructose 
(Manley-Harris and Richards 1996). Neither of these monomeric species would be 
expected to survive transit of the small intestine so neither will be able to act as a carbon 
source for the colonic microflora in vivo. The bulk of the remaining material, which must 
include the prebiotic factor, was oligosaccharides of dp 5 or less. Examination of the gas 
chromatograph of the per-O- trimethysilyl ethers of the dimeric fraction of the caramel 
showed that it consisted in large part of fifteen di-D-Fructose dianhydrides plus one 
glucose:fructose dianhydride. In addition there was a spectrum of singly-linked 
disaccharides. The trimeric fraction was found to be composed almost entirely o f 
trimers, which had been formed by the addition of either glucose or fructose to 
dianhydrides, see figure 8. A similar study of an inulin caramel (IC) revealed di-D- 
fructose dianhydrides and trimers derived therefrom. However, no significant amounts of 
singly-linked disaccharides were observed in the inulin caramel.
In trials on broiler fowl (Orban et al. 1995) enhanced growth performance and 
increased cecal weight was obtained with a supplement of sucrose caramel (STOC) 
compared with a control in two different experiments. However, in only one experiment 
were increased bifidobacteria populations observed; in the other experiment, although 
there was a decrease in total aerobes and coliforms, there was no increase in 
bifidobacteria populations. In neither experiment did lactobacilli populations increase. 
Trials upon White Pekin ducks (Orban et al. 1995) also resulted in enhanced growth
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performance relative to a control. In this study although total populations of anaerobes 
did not change the proportions of both bifidobacteria and lactobacilli increased. Studies 
with swine (Orban et al. 1994) using a 2% sucrose caramel supplement also resulted in 
improved performance relative to a control however, no changes were observed in cecal 
microbial populations. Use of a 4% supplement was ineffective due to feed wastage.
The swine (Orban et al. 1994) and broiler fowl (Orban et al. 1995) experiments indicated 
that sucrose caramel resulted in growth performance equal to or better than antibiotics 
and that its use may result in reduced requirements for vitamin/mineral supplements 
(Orban et al. 1994). Improved assimilation of minerals has been demonstrated as a result 
o f supplementing the diet with fructooligosaccharides (Ohta et al. 1995).
The advantage of using thermally produced oligosaccharides versus 
enzymatically produced is related to their production costs. A study by Arthur D. Little 
and Assoc, on behalf of the Sugar Association Inc. indicated that sucrose caramel can be 
produced at a cost of $0.21-0.43/lb (Private communication from The Sugar Association 
Inc). Nutraflora™, which is an enzymatically produced fructooligosaccharide available 
in the USA from Golden Technologies Inc., retails at $11/lb.
Currently, there is no daily intake limit imposed on this type o f caramel. Because 
the caramel is made solely from sucrose and citric acid, it does not partake of the 
regulations and controversy that are associated with the ammonia caramels. The latter 
contain, among other nitrogen containing compounds, the neurotoxin 4(5)- 
methylimidazole as a result of which production and use are regulated. The joint 
FAO/WHO Expert Committee on Food Additives has imposed a limit of 0-200mg/kg as 
the acceptable daily intake by humans of ammonia caramels.
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It was the specific aim of this investigation to 1) make a detailed study of the 
utilization of sucrose and inulin caramel by Bifidobacteria in order to ascertain the 
precise nature of the prebiotic factors contained in the caramel and 2) to examine the 
selectivity of sucrose caramel by ascertaining if  it would act as a carbon source for 
intestinal bacteria other than Bifidobacteria.
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Chapter 2-Material and Methods
Preparation of sucrose caramel and inulin caramel for growth studies
Sucrose caramel, more properly termed sucrose thermolyzed oligosaccharide 
caramel (STOC), and inulin caramel (IC) were prepared by thermal treatment of 
anhydrous acidified sucrose or of inulin. Inulin is an oligosaccharide composed of 
molecules of the GFn type (G, glucose; F, fimctose; n, number of fructose moieties 
linked by p(2,l) linkages in a ratio of about 2:1), with n ranging from 2 to 60 and an 
average degree of polymerization of 10 (Gibson et al. 1995). To make inulin caramel 
2.5g of inulin (Sigma, fi"om Dahlia tubers) were dissolved with heat in 95ml of H2 O and 
0.375g of citric acid were dissolved in 5ml H2O. The two solutions were poured into a 
pan and fi-eeze dried immediately. To make sucrose caramel, finely powdered sucrose 
was mixed with anhydrous, amorphous citric acid(l .5% w/w), which had been ball- 
milled previously. Mixing was accomplished by tumbling for 60 min. Samples for 
production of sucrose caramel or inulin caramel were heated in air in an oil bath at 150®
C ± 1 ®C with constant stirring. At 7 rnin for inulin or 5 min in the case of sucrose, the 
sample melted to a viscous liquid. After melting the sample was retained at 150 ®C with 
stirring for a further 22 min (inulin) or 7 nun (sucrose) and then allowed to cool to a dark 
golden-brown glass (Manley-Harris & Richards 1996). Glucose and fructose were 
removed from the caramel by Liquid Chromatography (LG) using three Waters Deita-Pak 
C l8 25 X 100 mm Radial-Pak cartridges in series eluted with water at 12ml / min, see
Figure 9. The eluted mixture was concentrated to a final concentration of ~1 g of 
dianhydrides per 5 ml H2O with a Beckman rotary evaporator (45 ®C H2O). The slurry 
was brought to final dryness with a vacuum dessicator at 45 ®C. To guarantee 
dianhydride purity, a 1% solution of dianhydride sample was passed through a Waters 
Delta-Pak Cig 8 X 10mm Radial-Pak cartridge eluted with water at I ml/min. To further 
guarantee the purity, the samples were analyzed via mass spectrometry. A 4-5mg sample
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was per-O-trimetlilysilylated with 0.25ml of Tri-Sil Concentrate (Pierce 49005) and 
0.75ml pyridine (Pierce 27530). The sample was heated at 90 for 60 minutes and 
blown down to dryness under a stream of air at 40 ®C. The sample was resuspended in 
100//1 of hexane and 1//1 solution introduced via direct interface o f a Hewlett-Packard 
Ultra 2 (25 X 0.2mm) cross-linked phenyl methyl silicone fused silica capillary column 
using a temperature program of 55 ®C(lmin) + 30 ̂ C/min to 180 and 4 ‘̂ C/min to 320 
®C. Mass spectra wereobtained with the Hewlett-Packard 5970 mass spectrometer (70 
eV) (Manley-Harris and Richards 1996).
Bacterial strains and culture conditions
Bifidobacterium pullorum (ATCC 27685), B. thermophilum (ATCC 25525), B. 
pseudolongum (ATCC 25526) and Clostridium perjringens (ATCC 13124) were obtained 
in lyophilized form from the American Type Culture Collection. B. lortgum (ATCC 
15707), B. bifidum (ATCC 11863), B. infantis (ATCC 15697), B. breve (ATCC 15700), 
and B. adolescentis (ATCC 15703) were kindly provided by John Patterson at Purdue 
University. Escherichia coli (ATCC 15597) and Salmonella typhimirium were kindly 
donated by Dan DeBorde at the University of Montana. The bacteria were grown on 
Reinforced Clostridia Agar (RCA) (Atlas 1993) which contained (g/1): Agar, 13.5; beef 
extract, 10; pancreatic digest of casein, 10; NaCl, 5.0; glucose, 5.0; yeast extract, 3.0; 
sodium acetate, 3.0; soluble starch, 1.0; L-cysteine HCl H2 O, 0.5. The pH of the media
was -6.7.
Bacterial Growth Studies
The bacteria grown on freshly prepared RCA (1.35%) agar plates were 
suspended in RCA broth in which glucose was substituted by fructose and starch was 
omitted. Cells were incubated at 37° C in an anaerobic chamber (85:7:8, N2:H2:C02) for
24 hrs. Late log cells were harvested, washed (3X) by centrifugation at 3500 rpm for 4
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minutes and resuspended in sterile saline buffer (pH 6.5). The cells were diluted to a 
final turbidity o f 0.200 at 510 nm (~lxlO^ cells / ml) and used as inoculum. A screw cap 
test tube containing inoculum (0.5ml) and freshly prepared RCA broth with the fructose 
absent or substituted by the appropriate carbon source to a final available carbon source 
o f 0.5% (25.0mg fructose, 43.7mg Inulin Caramel) was incubated without shaking at 37® 
C in an anaerobic chamber. Inulin Caramel which has been passed through the HPLC 
and cleaned o f any glucose or fructose (as explained in a previous section) consists of 
62% Di-D-fructose dianhydrides, it is these components which are considered as an 
available carbon source.The tubes were sealed and passed out of the anaerobic chamber 
and vortexed for 10 seconds for growth measurements. Bacterial growth was monitored 
by following absorption at 5 lOnm. Purity of bacteria was ascertained by light 
microscopy of gram-stained organisms and, in the case o f bifidobacteria by use of the 
chromogenic substrate 5 -bromo-4-chloro-3-indolyl-a-D-galactopyranoside (X-a-gal) 
(Chevalier et al, 1991).
Qualitative and Quantitative Investigation of Components of Caramels Before and 
After Growth Experiments
Aliquot portions (~2 ml) o f the growth medium before and after growth were 
filtered individually through 0.45pm syringe filters. A 300//1 portion of filtered sample, 
together with 50/il o f the internal standard glucitol (20mg glucitol/5ml H2O), were dried 
under a stream of dry air at 40 ®C. The mixture was brought to final dryness with a 
vacuum dessiccator at 45 ®C. The sample was per-O-trimethlysilylated with 0.25ml of 
Tri-Sil Concentrate (Pierce) and 0.75ml pyridine (Pierce). In order to dissolve all 
oligosaccharides the sample was placed in a sonicating bath filled with boiling water for 
15 min. The sample was placed in a heating block and heated at 90 ®C for 60 minutes 
and blown down to dryness under a stream of air at 40 ®C. The sample was resuspended 
in 1 ml of hexane, sonicated and centrifuged. The sample was decanted to separate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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particulate matter from the newly silylated oligosaccharides and placed in a clean vial. 
The gas chromatography of per-O-MegSi ethers of the dianhydrides was carried out using
a Hewlett-Packard 6890 equipped with a FID and a Hewlett Packard HP-5 (50 x 0.33 
mm) cross linked phenyl methyl silicone fused silica capillary column. Nitrogen was 
used as the carrier gas. The GC program was 55 ®C(lmin) + 30 ̂ C/min to 180 and 4 
°C/min to 320 (Manley-Harris and Richards 1996).
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Chapter 3-Results and Discussion: 
Bifidogenic properties of Di-fructose Dianhydrides
There is an increasing commercial demand for food products rich in bifidogenic 
substances (Yamazaki and Matsumoto 1994). Studies by Orban et al. (1994, 1995) 
investigated the ability of sucrose caramel to act as a prebiotic in chickens, pigs and 
humans. Unfortunately, these studies were did not determine the ability of these animals’ 
indigenous bacterial population to metabolize the DFDAs. In vitro studies were designed 
to investigate Bifidobacteria spp. and certain pathogens. The Bifidobacteria spp. studied 
corresponded to indigenous species found in humans, chickens and pigs (Table 2.).
The pathogens used in this study corresponded to disease causing bacteria of humans, 
chickens and pigs. Escherichia coli was chosen because of its ability to cause 
gastroenteritis in humans. Salmonella typhimurium was chosen because o f its 
relationship to chicken and pig diseases. Clostridium perjringens was chosen because of 
its ability to cause gastroenteritis in humans. Using inulin caramel, in which glucose and 
fructose had been removed by preparative liquid chromatography, as the sole carbon 
source resulted in only a minor increase in Bifidobacteria spp. cell density (Figure 10.). 
Growth on fructose was characterized by a cell density between 5 and 10 times that of 
inulin caramel (IC) from which monosaccharides had been removed (IC-G). The results 
may be interpreted three ways: the DFDAs, as a whole, were only slightly metabolized, 
that only certain individual DFDAs were metabolized, or that components other than 
DFDAs found in IC-G ( ie. trisaccharides) were metabolized.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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DFDA metabolism occurring via the bifidum pathway produces acetic acid and 
lactic acid (Gottschalk and Gerhard 1979). The pH of the media is lowered as 
growth/ceil density increases. The bacterial growth could only increase due to DFDA 
metabolism. Therefore, a decrease in pH corresponds to DFDA metabolism. Scardovi 
(1986) found that a pH of 4.7 is sufficiently acidic to prevent further growth of 
Bifidobacteria spp. The initial pH of the medium before growth was 6.50. At the 
stationary phase for fructose, the pH was 4.26-4.39 (Figure 10) and for IC-G was 5.96- 
6.38. Gas chromatography analysis of the fructose at the stationary phase indicated 
unmetabolized fructose remaining, supporting Scardovi’s observation. The pH of the 
stationary phase in the inulin caramel sample indicated that the restraint upon growth was 
a lack of a suitable carbon source rather than the effect of acidic metabolites. In fact, an 
addition of more caramel at the stationary phase of B. breve stimulated further growth 
and resulted in an end pH of 5.02 (fig. 11); addition of fructose resulted in a stationary 
phase with the same concentration of cells as the experiment with fructose alone and with 
a similar pH, 4.44 compared to 4.46.
To determine the relative extents of consumption of the DFDAs, the medium 
before growth and at the stationary phase (after growth) were compared by gas 
chromatography (GC). Due to experimental design, statistical analysis of the gas 
chromatography data was impossible. However, the GC data were used in conjunction 
with the growth curves and pH data to determine IC-G metabolism. Pure cultures of 
Bifidobacteria spp. appeared to not metabolize the DFDAs (Figure 12). Many of the 
results showed an increase in DFDAs rather than no change or a decrease in DFDAs.
This anomaly may have occurred due to instrumental error, experimental error during
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per-O-trimethylsilylation, or both. The instrumental error, which was determined using a 
sample of B. adolescentis media before growth (Figure 13), was different for each peak 
but appears to account for the differences found in the individual peaks before growth 
and after growth. Experimental error would also contribute to the overall error involved 
in the study, but due to experimental design this measurement could not be calculated.
Fructooligosaccharides (Figure 1) are known prebiotics that are metabolized by 
Bifidobacteria spp. using enzymes that first cleave the 1,2-linked fructofuranosyl residues 
into monomeric units (Gibson et al. 1995). The ability o f Bifidobacteria spp. to 
metabolize the DFDAs may be dependent upon the production of enzymes capable of 
cleaving the two bonds that form the dianhydride unit (Figure 14). DFDA metabolism by 
pure cultures of Bifidobacteria spp. was not seen in this study, leading to the assumption 
that the necessary enzymes were not created to cleave the dianhydride. Prebiotics are 
carbohydrates that are non-digestible and are selectively used by beneficial intestinal 
bacteria. The results of this study do not support the hypothesis that DFDAs can be used 
as a prebiotic. However, Orban et al. (1995, 1994) found that the caramel enhanced 
animal growth performance. This enhancement may have been due to the intestinal 
environment, which hosts a large variety of bacterial species capable of playing a part in 
the metabolism of DFDAs. This process termed cometabolism is an association between 
microbes whereby biotransformations of one microbe result in useful nutrients for a 
second (Talaro and Talaro 1993). In other words. Bifidobacteria spp. may not have all 
the enzymes necessary to cleave the dianhydrides into monomeric units and therefore, are 
dependent upon other cells to produce the other enzymes. Until experiments determine
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that cometabolism does not occur in the intestines of the animals being studied, DFDAs 
may remain prebiotic candidates.
Bacteria used in in vitro experiments (ATCC strains) may not have the necessary 
adaptations to metabolize the DFDAs, as would the Bifidobacteria spp. indigenous to the 
intestine. To compensate for this difference, an acclimation growth study investigated 
whether or not Bifidobacteria spp. when confronted with DFDAs over a series of growth 
experiments could metabolize the carbohydrates (Figure 15). Bacterial growth studies 
were carried out similar to the experiments described in the Methods section. However 
after growing the Bifidobacteria spp. on the DFDA medium, the bacteria were washed of 
the DFDA medium and placed in a fresh DFDA medium. This procedure was repeated 
twice. Results indicated that the Bifidobacteria spp. were unable to acclimate to the 
novel carbohydrate mixture and therefore did not metabolize it.
Metabolisiji of Di-fructose Dianhydrides by Pathogenic Bacteria
By definition, the prebiotic must be utilized as a carbon source only by beneficial 
bacteria; therefore, the ability of pathogenic bacteria to metabolize the DFDAs would 
render the substances useless. E. coli, C. perjringens, and S. typhimurium were placed in 
the presence of the DFDAs, just as the Bifidobacteria spp. were. Growth by the three 
pathogens was characterized by an increased cell density on IC-G and the control (no 
carbon source) (Figure 16.). Growth on fructose was approximately 2-6 times that of IC- 
G and the control. The growth curves in conjunction with the GC results indicate that the 
growth on IC-G was due to constituents found in the media and not due to metabolism of
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the DFDAs (Figures 17). Because the disease causing bacteria were unable to metabolize 
the DFDAs, one of the requirements for definition as a prebiotic was met.
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Figure 2. The structure of Fructooligosaccharides
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Figure 4. Schematic representation of the GCFID trace of the per-O- 
SiMcj ethers of the dianhydrides found in inulin (a) and sucrose (b) 
caramels (Manley-Harris and Richards 1996). Each Peak is compared to 
an internal standard (Glucitol) giving the relative area of the peak. The 
peak numbers correspond to the names given in Table 1.
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a-D-fructofuranose-P-D-fructofuranose 1,2 :2 ^ -dianhydride 
p - D>fructofuranose-a-D-fructofuranose 2 ,l’:3,2’-dianhydride 
P— D-fructofuranose-P'D-fructopyranose 2 ,l’:3^’-dianhydride 
di-p-D>fructofuranose 1,2 :2 ^ -diaobydride 
a-D-fructopyranose-P-D-fructopyranose l,2 ’:2,l*-dianhydride 
P~ D-fructofuranose-a-D-fructopyranose l ^ ’:2 ,l’-dianhydride 
di-a-D-fructofuranose 1^’ :2,1 ’-diaohydride 
a -  D-fructofuranose-a-D-glucopyranose l , l ’:2^’-dianbydride 
a -  D-fructofuranose-P-D-fructopyranose I,2’;2 ,l’-dianbydride 
a -  D-fructofuranose-P-D-fructofuranose l ^ ’:2 ,l’-dlanbydride 
a -  D-fructofuranose-a-D-fructopyranose l,2 ’:2,l’*dianbydride 
di-p-D-fructofuranose 1 :2,1 ’-dianbydride
P~ D-fructofuranose-P-D-fructopyranose l,2 ’:2 ,l’>dianbydride
Table 1. DFDA Identifications of peaks illustrated in figure 4.
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Figure 5. Formation of the fructofuranosyi Cation
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OH
HO
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Figure 6. a-D-Fructofuranose-P-D-fiuctofuranose 1,2’ :2:1 ’-dianhydride
HO
OH
HO
HO
Figure 7. Glucopyranosyl Cation
-O-a-O-Glucopyranose
OH
Figure 8. A trimer found in sucrose caramel ( a -  D-fructofuranose-P-D- 
fructofuranose 1,2’ :2,1 ’-dianhydride, substituted at the 0 -6 ’ of the p-D- 
fructofuranose with a glucopyranosyl.
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Glucose ^  
& Fructose Dianhydrides
Figure 9. Preperatory HPLC traces of sucrose and inulin caramel. 
The Dianhydrides were collected to the right of the dotted line.
B. adolescentis Feces of human adult; sewage; rumen of cattle; feces of monkey and dog
B. bifidum Feces of human infant and adult; human vagina; feces of suckling calf
B. breve Feces of human infant and adult; (human vagina and clinical)
B. infantis Feces o f human infant and human vagina
B. thermophilum Feces of pig; piglet; chicken; calf; rumen of cattle; sewage
Table 2. Source o f Bifidobacteria spp. studied in this experiment.
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Figure 10. Growth curves of Bifidobacteria spp. utilizing DFDAs a carbon source
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Figure 11. Spiking experiment using Bifidobacteria breve
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Figure 12. Schematic representation of the GC/FID trace of the 
per -O-SiMej of the dianhydrides found in the growth media
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Figure 13. Schematic Representation of instrumental error found in 
the GCFID trace o f dianhydrides
Figure 14. A representative structure of a DFDA: a-D-fiaictofuranose-p-D- 
fructofuranose 1,2’:2,1- dianhydride (peak 13). The arrows indicate the 
bonds which must be cleaved to produce two monomeric units
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Figure 15. Acclimation Experiment. B. breve was grown on sucrose 
thermolyzed oligosaccharide caramel minus monosaccharides (STOC-G). 
After reaching the stationary phase, the bacteria were washed and resuspended 
in fresh STOC-G medium. This procedure was repeated twice.
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Figure 16. Growth curves of the three pathogens utilizing DFDAs as a 
carbon source
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